Cyclic adenosine monophosphate and diacylglycerol. Mutually inhibitory second messengers in cultured rat inner medullary collecting duct cells. Studies were performed to examine interactions between the adenylyl cyclase (AC) and phospholipase C (PLC) signaling systems in cultured rat inner medullary collecting duct cells. Stimulation of AC by either arginine vasopressin (AVP) or forskolin or addition of exogenous cAMP inhibits epidermal growth factor (EGF)-stimulated PLC. This inhibition is mediated by activation of cAMP-dependent kinase as it is prevented by pretreatment with the A-kinase inhibitor, N-[2-(methylamino)ethyl]-5-isoquinoline-sulfonamide (H8) but not by the C-kinase inhibitor, 1-(5-isoquinolinylsulfonyl)-2-methylpiperazine (H7). Exposure to EGF eliminates AVP-stimulated cAMP generation. This is not mediated by a cyclooxygenase product as inhibition by EGF is observed even in the presence of the cyclooxygenase inhibitor, flurbiprofen. Inhibition by EGF is not due to an increase in inositol trisphosphate (IP3) as exposure of saponin-permeabilized cells to exogenous IP3 is without effect. Inhibition by EGF is prevented by pretreatment with the C-kinase inhibitor, H7, but not by the A-kinase inhibitor, H8. Exposure to the synthetic diacylglycerol (DAG), dioctanoylglycerol, also inhibits AVP-stimulated AC activity; therefore, inhibition by EGF is due to activation of protein kinase C. Thus, in cultured rat inner medullary collecting duct cells, cAMP and DAG function as mutually inhibitory second messengers with each impairing formation of the other.
Introduction
One of the major functions of the collecting duct is the stimulation of adenylyl cyclase (AC)' activity in response to arginine vasopressin (AVP). The ensuing increase in cAMP is responsiCorrespondence and reprint requests to Dr. I. Teitelbaum, C28 1, University of Colorado School of Medicine, 4200 E. 9th Avenue, Denver, CO 80262.
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1. Abbreviations used in this paper: AC, adenylyl cyclase; DAG, diacylglycerol; DOG, dioctanoylglycerol; EGF, epidermal growth factor; H7, 1-(5-isoquinolinylsulfonyl).2-methylpiperazine; H8, N-[2-methylamino)ethyl]-5-isoquinoline-sulfonamide; IPI, inositol monophosphate; IP2, inositol bisphosphate; IP3, inositol trisphosphate; PLA2, phospholipase A2; PLC, phospholipase C; RIMCT, rat inner medullary collecting tubule. ble for mediating the enhanced hydraulic conductivity of the apical membrane. Recent studies from this laboratory have demonstrated that in addition to AC activity, cultured inner medullary collecting duct cells also exhibit hormonal stimulation of phospholipase C (PLC) activity upon exposure to epidermal growth factor (EGF) (1) .
It is now well established that AC and PLC are not autonomous in their regulation of cellular events; rather, these two signaling systems may interact in either positive or negative fashion. For example, cAMP has been shown to inhibit phosphoinositide hydrolysis in platelets (2) and neutrophils (3), but it has no effect in monocytes (4) . Conversely, activation of protein kinase C, one of the major consequences of phosphoinositide hydrolysis, has been reported to inhibit hormone-stimulated AC activity in some tissues (5) (6) (7) (8) , while it potentiates AC activity in other tissues (9) (10) (11) (12) .
Potential interactions between the AC and PLC signaling systems in renal tissues have not been extensively examined. cAMP has been shown to modestly attenuate a,-adrenergicstimulated PLC activity in renal cortical slices (13), however, the cell responsible was not identified. Furthermore, the other signaling limb, i.e., the effect of stimulation of PLC on cAMP generation, was not examined. Similarly, while activation of protein kinase C has been shown to inhibit AVP-stimulated water flow in the toad bladder (14) and in the rabbit cortical collecting duct (15) , in neither tissue has the effect ofcAMP on hormonally stimulated PLC activity been examined. Accordingly, the present study was undertaken to examine bidirectional interactions between the AC and PLC signaling systems in a single cell type, the cultured rat inner medullary collecting tubule (RIMCT) epithelial cell.
Methods
Cell culture. Cultures of RIMCT cells were prepared as previously described (1, 16 Samples were spotted on to standard silica plates and subjected to thin layer chromatography using a petroleum ether/diethyl ether/glacial acetic acid (70:30:1) solvent system. The plates were subjected to autoradiography and the diacylglycerol (DAG) containing bands were scraped and quantitated by liquid scintillation counting (19) . DAG was expressed as a percentage of total phospholipids.
Determination of cAMP production. Studies were performed in Krebs-Ringer's buffer, pH 7.4, at 300 mosM/kg H20 in the presence of 0.5 mM isobutylmethylxanthine to inhibit phosphodiesterase. Studies using exogenous IP3 require cell permeabilization. These studies were performed in a buffer designed to simulate the intracellular milieu (composition in millimoles: 20 NaCl, 100 KCl, 5 Mg sulfate, 1 NaH2PO4, 25 Na bicarbonate, and 1.0 EGTA, pH 7.2) containing saponin (50 ug/ml). Incubation with effector solutions and subsequent determinations of cAMP and protein were performed as reported previously (16, 20) . Results are expressed as femtomoles cAMP per microgram protein.
Statistical analysis. In studies on cAMP production, values obtained in triplicate wells were meaned for an n of one; in studies on IP3 or DAG production each well was considered an n of one. Comparisons between two treatment groups were by the unpaired t test. Comparisons between three or more treatment groups were done by oneway analysis of variance (ANOVA) followed by appropriate contrasts ofa priori assumptions (21) . In all circumstances P < 0.05 was considered significant. Data are presented as mean±SEM.
Results
Effect ofcAMP on EGF-stimulated PLC activity. The effect of cAMP on EGF-stimulated IP3 production is portrayed in Fig.   1 . EGF significantly increases IP3 production from 975±102 to 2,371±63 cpm/well (P < 0.001). Stimulation Though all studies were performed with 100 nM EGF, AVP-stimulated AC activity was, in fact, inhibited at much lower concentrations of EGF. As seen in Fig. 5 (24) . DAG activates protein kinase C (25) . Previous studies have demonstrated inhibition of AVPstimulated cAMP accumulation (16, 26) or water flux (27) upon increasing cytosolic Ca2+. Activation of protein kinase C is known to inhibit stimulation of AC in a variety of tissues (5) (6) (7) (8) . Studies were undertaken, therefore, to determine which of these second messengers, PGE2, IP3, or DAG, mediates EGF inhibition of AVP-stimulated AC activity. The role ofPGE2. To examine a potential role for EGFstimulated PGE2 production in mediating inhibition of AC, the effect of EGF was examined in the presence of the cyclooxygenase inhibitor, flurbiprofen (5 MM; Sigma Chemical Co.), which inhibits ionomycin-stimulated PGE2 production > 95% (1). Inhibition of AC by EGF is not mediated by a cyclooxygenase product as even in the presence of flurbiprofen, EGF eliminates the response to l0-' M AVP (156.27±27.05 vs. 38.9±10.20 fmol/ug protein; n = 3, P < 0.02).
The role ofIP3. RIMCT cells were permeabilized with saponin as described above and the ability of AVP to stimulate cAMP accumulation was assessed in the absence or presence of 10 MM IP3. Saponization itselfhad no effect on AC, as AVP still increased cAMP accumulation from 58.19±4.94 to 146.10±24.57 fmol/Mg protein (n = 5; P < 0.01). Exposure to IP3 had no effect on either basal (49.47±4.87 vs. 58.18±4.94; n = 5, NS) or AVP-stimulated cAMP accumulation (166.15±28.76 vs. 146.10±24.57; n = 5, NS). Therefore, inhibition of AVP-stimulated AC activity by EGF was not a consequence of an IP3-induced increase in cytosolic Ca2".
The role ofDAG. To examine a potential role for a DAGmediated increase in the activity of protein kinase C in inhibition of AC by EGF, the effect of protein kinase C inhibition was examined. As seen in the upper panel of Fig. 6 , pretreatment with the C-kinase inhibitor, H7, prevented inhibition of AVP-stimulated AC activity by EGF. In contrast, in a separate set of experiments shown in the lower panel of Fig. 6 , the A-kinase inhibitor, H8, conferred no protection against inhibition by EGF.
To confirm that activation of protein kinase C results in inhibition of AVP-stimulated AC activity, the effect of the synthetic highly permeable compound sn-1,2-dioctanoylglycerol (DOG) (28) was examined. As shown in Fig. 7 (Fig. 1) . It has been suggested that production ofDAG, the endogenous activator ofprotein kinase C, may result not only from the hydrolysis of polyphosphoinositides but of other phospholipids (e.g., phosphatidylcholine) as well (30) . It is important to note, therefore, that pretreatment with ClPheScAMP inhibits EGF-stimulated DAG production (Fig. 2) (32, 33) . The concentration of ClPheScAMP that inhibits PLC (0.1 mM) is the same as that which inhibits PLA2 in this same tissue (31) and is comparable to that which stimulates water flux in the toad bladder (34) .
Exposing RIMCT cells to AVP in the presence of EGF results in abolition of AVP-stimulated cAMP generation (Fig.   4) . As (16, 27) . This most likely reflects the fact that the amount of Ca2+ released by IP3 and, therefore, the subsequent increase in cytosolic Ca2+ is much less than that obtained with a calcium ionophore (36, 37) , as had been employed in earlier studies (16, 27) .
Rather than an effect of IP3, inhibition of AC by EGF appears to be due to activation of protein kinase C as EGF has no effect in the presence of the C-kinase inhibitor, H7 (Fig. 6) .
We have previously reported that EGF-stimulated IP3 production in RIMCT cells is first detected at 10 nM EGF (1). Yet, as seen in Fig. 5 , inhibition of AVP-stimulated AC activity is observed with as little as 0.1 nM EGF and is complete at 5 nM.
As activation of PLC results in hydrolysis of not only phosphatidylinositol bisphosphate but of phosphatidylinositol monophosphate and phosphatidylinositol as well (and perhaps other phospholipids, e.g., phosphatidylcholine) production of DAG, on a molar basis, is likely to exceed productionof IP3 (30) . Therefore, inhibition of AC by concentrations of EGF below the threshold for detectionofIP3 production itself suggests that the inhibition is a consequence of DAG production.
Activation of protein kinase C has been shown to inhibit AVP-stimulated water flow in the toad bladder (14) and in the isolated perfused rabbit cortical collecting tubule (15) . Though a pre-cAMP site appears operant in the toad bladder (14) , the predominant site of action of protein kinase C in both tissues is post-cAMP. Likewise, the ability of EGF to inhibit AVP-and cAMP-stimulated water flux in the rabbit cortical collecting tubule to a similar extent (38) suggests a predominantly postcAMP site of action. The studies reported herein demonstrate that, apart from any post-cAMP effects, EGF, via activation of protein kinase C, profoundly inhibits the generation of cAMP in response to AVP. This finding is consistent with other studies that have shown protein kinase C-mediated inhibition of AVP-stimulated AC activity in Madin-Darby canine kidney cells (39) or cultured rabbit cortical collecting ducts (40) . However, in marked contrast to those studies in which inhibition of AC is observed only after more prolonged exposure (15 min to 6 h) to activators of protein kinase C, in the present study inhibition by EGF or DOG requires no preincubation but is observed upon addition of these agents simultaneously with AVP. This indicates a direct inhibitory effect of protein kinase C rather than one mediated by a secondary phenomenon such as stimulation of cell proliferation, as had been previously suggested (40) . Furthermore, unlike the other studies in which activation of protein kinase C attenuates but does not eliminate AVP-stimulated cAMP generation, exposure of RIMCT cells to EGF abolishes the response to AVP. DOG is less potent an itxhibitor of AC, perhaps reflecting the need for permeation of the cell membrane. Finally, in none of the previous studies on the effect of protein kinase C was the other signaling limb, i.e., the effect of cAMP on phosphoinositide hydrolysis, examined.
The physiologic correlates of the biochemical observations described herein require further examination. As the role of phosphoinositide hydrolysis in the function of the collecting duct is itself unclear, one can only speculate upon the significance of its modulation by cAMP. In contrast, the profound In summary, the data presented herein demonstrate for the first time the existence of this bidirectional signaling system in cultured inner medullary collecting tubule cells (Fig. 8) . Stimulation of AC results in the formation of cAMP which, via activation of A-kinase, inhibits PLC; conversely, stimulation of PLC results in the formation of DAG which, via activation of C-kinase, inhibits AC. The exact loci of inhibition by these respective kinases remain to be determined.
